We have studied the eect of leaching treatments on the surface microstructure and chemical composition on the two dierent twofold surfaces, (10000) and (10100), and the tenfold surface (00001) of a decagonal (d-) AlNiCo quasicrystal. A sample exposing the three surfaces was leached with NaOH solution and then studied using atomic force microscopy and scanning electron microscopy combined with energy dispersive X-ray analysis. The leaching treatment preferentially removes the Al present in the crystal surface leaving a mixture of transition metal and their associated oxides. The high symmetry, tenfold axis was found to be less resistant to leaching than either of the twofold axes, providing further information regarding the eect of crystallographic direction on leaching kinetic.
Introduction
In previous work, it has been documented that Al based quasicrystals can be altered through chemical etching using NaOH, for the production of catalysts [13] .
The surface Al was removed through leaching to leave a surface covered in transition metal particles. In the case of AlCuFe, a surface consisting of Cu and Fe particles was observed. It was also found that samples of similar stoichiometry exhibited dierent leaching rates that could be attributed to their crystal structure, crystalline materials being the most aggressively leached, while the quasicrystalline materials were the most resistant [4] .
A result that suggested this was part of a trend rather than a single outcome was the nding that the quasicrystal approximants displayed a leaching resistance greater than crystalline samples but less than quasicrystal samples [3] . Despite previous work, there is to date no clear understanding of the interaction between the quasicrystalline bulk and the leached layer [5] .
In our previous studies we observed that leaching of the vefold surface of the icosahedral AlCuFe produced vefold facets upon the surface [6] . On the leached crystal there were places where pentagonal and pentagonal--dodecahedral cavities were found on macroscopic surface orientations that were no longer well-aligned to the original vefold surface. Similar results have previously been observed during oxidation studies on the AlPdMn family quasicrystals where agressive treatments unearthed other internal surface orientations [7, 8] . This indicated a preference for the leaching of the vefold direction. The pentagonal-dodecahedral cavities also demonstrated the * corresponding author; e-mail: mikelowe@liverpool.ac.uk leaching of other vefold surfaces at angles of 108
• . This led to the initial conclusion that the vefold crystallographic direction was prefered to the others, regardless of which macroscopic surface was exposed to the leaching solution.
In a bid to test this hypothesis further and directly, we used a single crystal decagonal AlNiCo quasicrystal with 3 well orientated surfaces present on the sample. Decagonal quasicrystals are characterised by the periodic stacking of quasicrystalline planes [9] . The high symmetry axes of these systems includes a unique tenfold axis along the periodic direction and two inequivalent twofold axes. These twofold planes appear alternately at 18
• to each other and perpendicular to the The surface is characterised mostly as very at, with a slight puckering of the surface, which can be seen in Fig. 2b . This can be attributed in places to the presence of many small circular depressions often with at least a single crack forming through the middle. These can be seen in detail in Fig. 2c and d.
The symmetry of these features is dierent from the surface symmetry, indicating that any order present from the twofold surface has been lost. As is common in previous Al-based quasicrystal leaching experiments, the surface is coated in a homogeneous precipitate particle layer of transition metal.
The twofold (10100) surface
With minimum zoom using the SEM the dramatic effect of leaching can be seen in the (10100) surface (Fig. 3) .
Surprisingly, compared to the previous twofold surface, there is the creation of ordered rows of leached grooves that stretch for long distances across the crystal and examples from two dierent parts of the surface can be seen surface was characterised by a columnar structure perpendicular to the tenfold surface [10] . The terminations of these columns were observed to be parallel to the tenfold surface. The columnar structure observed on the clean surface and the leaching induced grooves observed in our work are therefore both orientated along the periodic axis. The width of the grooves is signicantly larger than the columnar structures they report. We therefore suggest that the parallel trenches observed on the etched surface are formed during leaching, where the exposed columnar structures on the clean surface act as nucleation sites.
M. Lowe et al. This indicates a preference for leaching along the tenfold direction, and when considered with previous results, a preference for leaching along the periodic direction. In comparison the greatly increased leaching resistance of the i-AlCuFe system can be considered to be due to the icosahedral structure, which provides quasiperiodic ordering in all directions, as opposed to the decagonal structure, which has periodic directions. The surface remains mostly at apart from the presence of similar troughs to the (10100) surface, although these are far less regularly patterned (Fig. 4) . Figure 4c shows an example of using AFM to identify the depth of these grooves to be of the order of ≈ 100 nm and to be largely unchanged in depth at other points across the surface. We suggest that the unusual patterns on the surface displayed in Fig. 4c , and their inconsistency with the other planes can be attributed to the quasiperiodic nature of the surface, although no aperiodic order could be identied. 
EDX comparison
All the surfaces appear similarly chemically changed following leaching treatment as measured using EDX.
This appears to suggest uniform leaching of all surfaces however, the low surface sensitivity of the technique means that small variations in response to leaching would not be recognised. EDX has an information depth of several µm, we do not believe the leach depth to be on the same scale, based on previous single crystal leaching work using X-ray photoelectron spectroscopy (XPS) on i-AlCuFe. Therefore it is possible that the variation in leaching stability, from a chemical analysis technique,
will not be visible with such a large proportion of the signal originating from the bulk. We can however use (10000) and (10100) surfaces in Fig. 5 , where the Al content decreases from point 1 to point 2. We have interpreted this to be caused by the proposed resistance to leaching along quasiperiodic directions, which causes the transition region to be small and to avoid leaching parallel to the surface.
In the tenfold surface, the Al content changes steadily across the leaching boundary and into the entirely leached region. This leaching boundary is dicult to distinguish in the tenfold surface using SEM, whereas in the twofold surfaces it was a clear band running across the crystal. This indicates a continuous increase in leach depth across the crystal. This is interpreted to be due to an increased leaching kinetic along the tenfold direction.
The leaching is still present along the other directions but the speed of this is reduced leading to the continuous slope and a poorly dened leaching boundary.
Conclusions
Three orientated surfaces of a decagonal AlNiCo quasicrystal were leached in NaOH and then studied using SEM and EDX. Both twofold surfaces were found to be less aggressively leached than the quasiperiodic tenfold surface. Leached microstructure indicates preferential leaching along the periodic directions, again indicating that crystallographic direction rather than macroscopic surface orientation is the key inuence on leaching kinetics of quasicrystals. This gives further weight to the idea that the quasiperiodic arrangement of Al in the crystal inhibits alkali leaching.
